Ion-cutting using plasma immersion ion implantation ͑PIII͒ was investigated for the integration of single crystalline Si layers on glass. In PIII, the sample is immersed in a plasma consisting of the ions of interest. A dc ͑direct current͒ or ac ͑alternating current͒ voltage is then applied to the sample to extract ions from the plasma and implant into the sample. PIII is inherently more efficient for high dose implantation. It was found that p-Si wafers implanted nominally at room temperature with H doses on the order of a few times 10 16 cm Ϫ2 could be readily bonded to glass substrates with proper surface treatment similar to that used in conventional implantation for ion-cutting. The wafer surface of the as-implanted Si was converted from p-type to n-type. Upon bonding at room temperature, annealing (300°C), and exfoliation (450°C), the transferred Si layer on glass and the as-exfoliated surface of the implanted Si wafer remained n-type. Transmission electron microscopic examination showed a highly defective region near the top of the Si layer transferred onto glass due to H implantation. However, the crystalline quality was nearly defect-free in the deeper region of the layer, in spite of the incorporation of other impurities in the region. Annealing at sequentially higher temperatures led to the recovery of p-type conductivity at ϳ600-650°C. The thickness of the transferred layers suggested that the implanted species were mostly H 3 ϩ ions from the PIII implanter used in this study. Secondary ion mass spectrometry results showed coimplanted atmospheric impurities such as oxygen, nitrogen, and carbon that affected the electrical properties of the transferred Si layers. dc PIII is demonstrated in this study to be more superior than conventional pulsed PIII for this process and improved vacuum conditions of the implantation chamber are needed to eliminate or reduce impurities.
I. INTRODUCTION
Current technology for active matrix flat panel displays is based on thin film transistors ͑TFTs͒ fabricated on polycrystalline Si thin layers. Due to the presence of grain boundaries and other defects, [1] [2] [3] poly-Si TFTs are limited by the relatively low carrier mobility, large off-state leakage current, and large variations in other electrical properties. It appears advantageous to fabricate light emitting devices, such as OLEDs ͑organic light emitting diodes͒ using single crystalline Si TFTs to provide high carrier mobility, uniform threshold voltage, and thus allowing for high pixel densities and high frequencies.
The integration of single crystalline Si thin layers on glass using ion-cutting by the conventional implantation method with ion beam scanning has been demonstrated. 4 The objective of this work was to investigate the feasibility of using plasma immersion ion implantation ͑PIII͒. 5, 6 In this method, the sample is immersed in a plasma consisting of the ions of interest. A voltage is applied to the sample to extract the ions from the plasma and to implant into the sample. PIII is inherently more efficient for high dose implantation. Ioncutting is a process similar to smart-cut®, 7 where H ions with a dose of a few times of 10 16 cm Ϫ2 are implanted into a Si wafer, followed by bonding of the implanted side of the wafer to a handle wafer ͑glass substrate in this case͒ at relatively low temperatures (200-300°C). The bonded pair is then heated up to higher temperatures, typically 400-600°C, to delaminate the implanted layer, thus forming a structure of thin single-crystalline Si layer bonded on the glass substrate ͑SOG͒. The thickness of the delaminated Si layer depends on the implantation energy of the H ions, that is, the higher implantation energy, the thicker the cleaved layer. The process of integration using ion-cutting is schematically illustrated in Fig. 1 . Better-performing transistors can then be fabricated on the transferred single crystalline Si layer to control the OLEDs. In this work, we report the properties of the ion-cut Si layers on glass using pulsed ͑or ac͒ and direct-current ͑dc͒ PIII.
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II. EXPERIMENT
Prime grade Czochralski-grown ͑CZ͒ Si wafers ͓ p-type, ϳ26 ⍀ cm (ϳ4.5ϫ10 14 cm Ϫ3 ), ͑100͒ in orientation͔ were used in this study. The interstitial oxygen concentration, O i , in CZ Si is generally in the order of 10 17 cm Ϫ3 or higher.
8,9
The as-received wafers were implanted with H ions at 30 kV with doses of 6ϫ10 16 to 7ϫ10 16 cm Ϫ2 at a temperature lower than 200°C using plasma immersion ion implantation. Before the introduction of hydrogen into the chamber, the background pressure was 2.3ϫ10 Ϫ6 Torr. During implantation, the plasma density was 4ϫ10 9 cm Ϫ3 and the working pressure was 4ϫ10 Ϫ4 Torr. Three modes of PIII were used: ͑1͒ Direct current ͑dc͒, 10,11 ͑2͒ long pulse ͑lower frequency͒, 300 s pulse width at a frequency of 75 Hz, 12 and ͑3͒ short pulse ͑higher frequency͒, 30 s pulse width with a frequency of 300 Hz. Short-pulsed PIII is the most common mode of operation in most applications due to the smaller demand on the power modulator. 5, 6 For the transfer of the Si layers, the implanted wafers were first ultrasonically cleaned with organic solvents ͑trichloroethylene, acetone, and isopropyl alcohol͒, followed by rinsing in deionized ͑DI͒ water and spun dry. Corning 1737F glass substrates, 2.5ϫ2.5 in. 2 in size, were used in this study. This type of glass, Alkaline Earth Aluminosilicate, has a relatively high strain point and chemical durability, and is commonly used for flat panel displays. The glass substrates were also cleaned with organic solvents, followed by degreasing with ''DeContam®,'' a commercially available glass-cleaning agent, and rinsing in DI water for 1 h and spun dry. Both the implanted Si wafer and the glass substrate were activated in an oxygen plasma at a power of 100 W and an oxygen pressure of 200-500 mTorr for a duration of 30 s to a few minutes. After activation, the Si wafer was dipped into modified RCA-1 (NH 4 OH:H 2 O 2 :H 2 Oϭ1:6:30) at 75°C for 45 s. The Si wafer and glass were rinsed in DI water and spun dry again, followed by bonding in air at room temperature. Bonding occurred over the entire surface of the wafers within seconds under a slight applied pressure at the center of the wafers. After bonding, the pair was heated at 300°C for 2 h in air. The temperature was raised to ϳ450°C for 10-15 min to achieve layer splitting. The process is shown schematically in Fig. 1 . It should be noted that the strain point of the Corning 1737F glass is 666°C, and so all processing must be done at temperatures below the strain point, 666°C. The crystalline nature and the microstructure of samples were characterized using transmission electron microscopy ͑TEM͒, chemical impurities by secondary ion mass spectroscopy ͑SIMS͒; the electrical properties by Hall effect measurements, four-point probe, and the hot probe. The SIMS analysis was performed using a PHI ADEPT 1010 machine with a 1 kV Cs ϩ beam at a sputtering rate of ϳ1 Å/s. Negative secondary ions were monitored with a quadruple spectrometer. The SIMS results show that there is significant contamination from atmospheric species due to the bad vacuum and outgassing in the PIII chamber. Hall effect measurements were made as a function of depth of the transferred Si layers using tetramethyl-ammonium hydroxide ͑TMAH͒ 13 as a Si etching solution.
III. RESULTS AND DISCUSSION
The surface roughness as determined by atomic force microscopy ͑AFM͒ shows a small difference among the three samples. The rms roughness values acquired from the unetched and unannealed dc, long-pulse, and short-pulse samples are 5.574, 5.222, and 4.575 nm, respectively. The as-exfoliated Si films on glass were examined using TEM. Figure 2͑a͒ shows a cross-sectional TEM micrograph of the long pulse sample where a dark band of damaged region on the top of the transferred Si was clearly visible. The Si damage layer, however, remained single crystalline, as indicated by the diffraction pattern taken from the region. The crystallinity of the Si became less distinct in the region near the Si-glass interface, and quite possibly affected the electrical properties of the long-pulse samples. It should be noted that all three types of samples showed a damage region in the upper region and a clear region near the Si/glass interface. Figure 2͑b͒ shows a high-resolution TEM micrograph of the dc sample taken near the Si-glass interface, indicating much better Si crystalline quality. The TEM used in this study has a resolution of better than 0.12 nm in both the annular dark field and bright field. It is evident from the lattice image that the single crystalline structure of Si extends up to the glass-Si interface with some defects still visible. The Siglass interface is sharp to within a few atomic layers of the Si lattice. Improved electrical properties were observed for the dc PIII sample.
The thickness of the exfoliated Si film was approximately 135-165 nm for all three types of samples measured by TEM, and slightly higher given by optical measurements. Small variations in the Si layer thickness (ϳ10-20 nm) FIG. 1. Ion-cut process used in the study: ͑1͒ H ion implantation into the Si wafer, ͑2͒ sample ͑glass and Si͒ cleaning and surface activation, ͑3͒ bonding, and ͑4͒ thermal annealing and exfoliation. The hatched region indicates the damage region induced by ion irradiation.
were observed for the three types of samples, primarily due to the different parameters used in the different PIII modes. These results are consistent with the position of the damage peak generated by 10 keV hydrogen ions (H ϩ ), suggesting that the likely implanted species in this study was H 3 ϩ ions with an energy of ϳ30 kV.
SIMS analysis showed the presence of about 1 at. % of C, N, and O each in the as-transferred Si layers, in addition to H. These amounts of the coimplanted atmospheric impurities are typical for PIII experiments using non-UHV conditions. 14, 15 The long-pulse sample was found to contain more impurities than the short-pulse and dc samples. The distribution of the impurities was nonuniform in depth for the short-pulse and long-pulse samples ͓see Fig. 3͑a͒ for the long-pulse case͔, in contrast to the more uniform distributions observed in dc samples ͓Fig. 3͑b͔͒. The presence of chemical impurities is likely to affect the electrical properties of the transferred layers, as discussed and shown in the electrical evaluation of the layers reported below.
For all three modes of PIII, the transferred Si layers on glass and the exfoliated surface of the implanted wafers were found to be n-type in conductivity, as opposed to the p-type conductivity of the donor wafer before implantation. Upon annealing to 650°C for 4 h in nitrogen, p-type conductivity in the Si layers was consistently recovered for the dc samples; however, conductivity type recovery was often, but not always observed for the other two types of samples. Table I shows the Hall effect and hot probe measurements for the as-transferred samples, and for samples annealed at 650°C for 4 h in nitrogen. It is well known that shallow donors are formed in Si as a result of hydrogenation by implantation or with a rf source 16 -22 followed by annealing at ϳ300°C or higher. Most of these donors are likely associated with H-enhanced thermal donors in CZ Si due to the preponderance of interstitial oxygen, O i 9,19 Some are due to substitutional carbon 23 C s and the others are associated with H-complexes, H-defect complexes, and interstitial H ͑collec-tively referred to as H-related shallow donors͒. 16, 17 Oxygen was also clearly incorporated into the wafer as impurities in the plasma chamber due to the non-UHV ͑ultrahigh vacuum͒ conditions shown in Fig. 3 . The amount of oxygen contamination observed in this work is similar to that reported earlier on plasma immersion ion implantation. 14, 15 In order to mitigate the coimplanted impurities, the implantation chamber must be redesigned for UHV operation. Under non-UHV conditions, we believe that the thermal donors are related to interstitial oxygen clusters and become active in the temperature range of 300-500°C in the presence of hydrogen. The accelerated formation of thermal donors can be attributed to the hydrogen-promoted oxygen diffusion in forming clusters of O i , and thus, H-enhanced thermal donors. 8, 9 Upon annealing at 650°C, p-type conductivity was generally recovered, likely due to the dissociation of the oxygen cluster-induced thermal donors in CZ Si wafers and the out-diffusion of H. For the cases of short pulse and long pulse PIII, the higher implanted impurity concentrations will likely affect the p-type recovery process. Figure 4 shows the differential volume concentration,
given by the sheet charge per etched layer, as a function of depth into the transferred Si layers of the dc samples. This representation is particularly useful for samples with a nonuniform dopant concentration in depth, as in this case. It can be seen in Fig. 4 that the carrier concentration in the asexfoliated sample was n-type and much higher compared to that of the annealed samples (p-type conductivity͒. The difference of about one order of magnitude between the asexfoliated and annealed films can be rationalized by a combination of thermal donors due to oxygen, hydrogen-related donors, and carbon enhanced formation of donor states in the as-exfoliated silicon. 23, 24 CZ silicon commonly has interstitial oxygen in the range of 10 17 -10 18 cm Ϫ3 ; each thermal donor state is composed of a few up to 20 O i , 23 resulting in at least ϳ10 16 cm Ϫ3 donor states, more than sufficient to compensate the original acceptor doping of the substrate (Շ1ϫ10 15 cm Ϫ3 ). In addition, the carbon-enhanced donor formation due to the large presence of C (10 20 -10 21 cm
Ϫ3
detected by SIMS, see Fig. 3͒ gives rise to the electron concentration in the range of 10 17 -10 19 cm Ϫ3 , shown in Fig. 4 . Furthermore, the electron concentration in the Si layer was not uniform in depth in the as-exfoliated state.
After annealing at 650°C, conductivity was recovered to p-type for the entire layer. This is due to the decomposition of the thermal donors and the out-diffusion of H, resulting in the disappearance of the n-type conductivity. The differential volume concentration in the annealed samples were p-type and in the range of 10 15 -10 16 cm Ϫ3 , similar but higher than the original hole concentration in the wafer. However, it is well known that in wafer bonding technology, the interface boron is chemically adsorbed on the silicon surfaces prior to bonding. 25 In our case, we speculate that the trapping of 1 to 2 monolayers of boron ͓(1 to 2)ϫ10 11 cm Ϫ2 ͔ can give rise to the observed hole concentration shown in Fig. 4 . Our SIMS data were acquired using cesium ion bombardment for enhanced sensitivity of the electronegative elements, but under these conditions, the sensitivity of boron was not good TABLE I. Typical electrical properties of short-pulse, long-pulse, and dc samples. ''Annealed'' denotes sample annealed in nitrogen for 4 h at 650°C. ''H.R.'' denotes highly resistive, and stable Hall voltages could not be obtained. As-exfoliated samples were always n-type. After annealing, p-type conductivity in the Si layers was consistently recovered for the dc samples; however, conductivity type recovery was often, but not always observed for the other two types of samples. The ''ϩ'' sign indicates holes and the ''Ϫ'' sign indicates electrons. The as-exfoliated sample, depicted by the closed square ͑͒, shows the electron differential electron concentration (n-type conduction͒ for the ''as-exfoliated'' silicon film on glass. The first annealed sample ͑open circle, ᭺͒ is p-type and was annealed at 650°C for 4 h in nitrogen after exfoliation, followed by etching using TMAH. The second annealed sample ͑open triangle, ᭝͒ is p-type and was first etched to remove the damage layer (ϳ500 Å), followed by annealing at 650°C for 4 h in nitrogen, and sequential etching of the Si layer. The glass substrate was at the far right-hand side of the figure, and the area left of the dotted line was the approximate damage layer of the transferred Si layer. The surface of the as-exfoliated and annealed samples became very rough and very resistive after etching away ϳ1000 Å. For these reasons, no data points were reported in Fig. 4 in the deeper regions.
enough and so such low levels of interfacial boron could not be detected.
As the as-exfoliated and annealed films were thinned down to within ϳ600-800 Å of the glass substrate, the surface became very rough due to etching, and the layers became more resistive, likely due to the interfacial charge effects at the Si/glass interface. For these reasons, results were not reported in these ranges. It should be noted that the carrier mobilities obtained for PIII samples were generally 5-10 times lower than those obtained for those using conventional ion implantation. 4 This is likely due to the significant amount of impurities incorporated into the transferred Si layers with the PIII implanter as shown in the SIMS data. It can be improved by introducing better pumping systems and reducing leaks in the PIII chamber. These impurities can also be the cause for the resistive region near the Si/glass interface.
IV. SUMMARY
In summary, plasma immersion ion implantation was investigated for ion-cutting of Si layers onto glass substrate. While a highly defective region was observed near the top of the Si layer transferred onto glass, the crystalline quality was generally quite defect-free in the deeper region of the layer. In spite of the significant amount of chemical impurities incorporated into the transferred layers observed in this study, sufficient electrical activities were obtained in the Si layers integrated on glass. Our experimental results showed that the dc PIII mode appears to be more suitable for the ion-cutting process. The PIII method is a convenient and viable method for layer integration, and the results will improve if the background pressure in the chamber is improved.
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